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ABSTRACT
A bus network design problem in a suburban area of Hong Kong is studied. The objective is to
minimize the weighted sum of the number of transfers and the total travel time of passengers by
restructuring bus routes and determining new frequencies. A mixed integer optimization model is
developed and was solved by a Hybrid Enhanced Artificial Bee Colony algorithm (HEABC). A
case study was conducted to investigate the effects of different design parameters, including the
total number of bus routes available, the maximum route duration within the study area and the
maximum allowable number of bus routes that originated from each terminal. The model and
results are useful for improving bus service policies.
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1. INTRODUCTION
The transit network design problem attracts considerable attention in the last two
decades because the problem is challenging, important and interesting. Guihaire and
Hao (2008) and Kepaptsoglou and Karlaftis (2009) provided a comprehensive review
in this area. Existing works focus on the following transit network design problems
(TNDPs):
1) route design (e.g., Mandl, 1980; Murray, 2003; Wan and Lo, 2003; Li et al., 2011,
2012);
2) frequency setting (e.g., Furth et al., 1982; LeBlanc, 1988);
3) timetabling (e.g., Wong et al., 2008; Fleurent et al., 2004);
4) vehicle scheduling (e.g., Bunte et al., 2006);
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5) crew scheduling (e.g., Wren and Rousseau, 1993);
6) fare structure (e.g., Li et al., 2009);
7) fleet size determination (e.g., Li et al., 2008), and
8) combination of the above (e.g., Ceder and Wilson, 1986; Lee and Vuchic, 2005;
Szeto and Wu, 2011).
The TNDPs are commonly solved by meta-heuristics because of the combinatorial
nature of the problem. Existing meta-heuristic methods used to solve the TNDPs
include but not limited to Genetic Algorithm (GA) (e.g., Pattnaik et al., 1998; Bielli
et al., 2003; Tom and Mohan, 2003; Szeto and Wu, 2011), Simulated Annealing (e.g.,
Fan and Machemehl, 2006a, b; Zhao and Zeng, 2006), Tabu Search (e.g., Zhao et al.,
2005; Zhao and Zeng, 2007), and Ant Colony Optimization (e.g., Yang et al., 2005).
However, to our best knowledge, the Artificial Bee Colony algorithm (ABC) has seldom
been applied to solve the TNDPs.
The ABC was proposed by Karaboga (2005) for the purpose of solving complex
optimization problems. It is fairly new and motivated by the foraging behavior of honey
bees. Compared with existing evolutionary algorithms such as GA, one merit is that the
ABC has a better local search mechanism to improve the solution quality. Indeed, the
ABC has been demonstrated on its good performance to solve complex problems such
as the digital filter design problem (Karaboga, 2009), the leaf-constrained minimum
spanning tree problem (Singh, 2009) and the capacitated vehicle routing problem (Szeto
et al., 2011b). In our opinion, it is worthwhile to adopt an ABC-based algorithm for
solving the TNDPs.
In this paper, an HEABC is developed to solve the TNDP in Tin Shui Wai (TSW),
Hong Kong, which is formulated as a mixed integer programming problem. The
objective is to minimize the weighted sum of the number of transfers and the total
passengers’ travel time by restructuring bus routes and determining new frequencies.
The constraints include operational constraints such as fleet size constraint, the travel
time constraint and the terminal capacity constraint, in which is defined as the
maximum number of bus routes that originate from a terminal. These constraints are
important from the perspective of operators especially in Hong Kong because of the
following reasons. First, buses are expensive. The operators do not want to buy more
buses unless it is really necessary. Second, terminal space is limited in Hong Kong.
Third, travel time heavily affects passenger demand, since there are many transport
alternatives in Hong Kong.
Experiments were carried out in this study to investigate the effects of different
design parameters, including the number of total routes, the maximum route duration
within the study area, as well as the terminal capacity. The results reveal that the trade-
off between the number of transfers and the total passengers’ travel time exists when bus
routes are allowed to have a longer travel time. Moreover, by varying the total number
of routes provided and increasing the terminal capacity, the total passengers’ travel time
and the number of transfers can be reduced simultaneously. It is expected that the model
and results are useful to improve bus service policies.
The remainder of this paper is organized as follows: Section 2 introduces the
investigated bus network and the detailed formulation. Section 3 describes the HEABC.
Section 4 presents the results. Finally, Section 5 gives the conclusions.
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2. PROBLEM FORMULATION
The investigated problem is the TSW area in Hong Kong. Figure 1a illustrates the layout
of TSW area. Every bus route leaves TSW to urban destinations through the Tai Lam
Tunnel (TLT) located at the southeast side of the area. Passengers can transfer at the
TLT bus interchange.
The TSW network is shown in Figure 1b. The square nodes represent the bus
terminals, the circle nodes represent the current bus stop locations, and “T” represents
the TLT bus interchange. The in-vehicle travel times (in minutes) between nodes are
shown next to the corresponding links. As shown in Figure 1b, the TSW area has 23
stops (shown as nodes 1–23 in the figure) and they include seven bus terminals. All the
bus routes originated from these terminals terminate at one of the five destinations,
nodes 24–28. The demand matrix was estimated from the available data and reported in
Szeto and Wu (2011).
The problem is to determine a new bus network design for TSW to minimize the
weighted sum of the number of transfers and the total passengers’ travel time without
increasing the fleet size. To formulate and generalize this real problem for other
applications with multiple transfers, we introduce more notations than necessary in this
paper, and expand the TSW network to include 1 dummy node (i.e., node 0) and 12
dummy links. The dummy links are used to connect the dummy node and bus
terminals/destinations whereas the dummy node is used to allow the resultant
formulation to determine the optimal number of routes. The following notations and
specific values for parameters are used in this study:
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Figure 1. The investigated area and network
Sets
Z = set of nodes excluding the dummy node;
U = set of demand locations (i.e., stops and bus terminals inside TSW);
V = set of the destinations outside TSW, i.e., nodes 24 – 28;
Y = set of the bus terminals inside TSW, i.e., nodes 1, 7, 9, 14, 16, 20, and 23;
C = set of the interchange, i.e., node T.
Indices
i, j, k, e = indices of nodes;
n = route index.
Parameters
cij = in-vehicle travel time on the shortest path between nodes i and j;
s = average time for stopping at a node, i.e., 1.5 minutes;
die = travel demand from node i to destination e;
W = fleet size, i.e., 180 vehicles;
Rmax = maximum number of routes in the bus network, i.e., 10 (for the base case);
fmin = minimum frequency of a route, 4.8 buses per hour, which is the minimum
requirement in Hong Kong;
Smax = maximum number of intermediate stops in the TSW portion of a route, i.e., 8;
Tmax = maximum route travel time from the bus terminal in TSW to the TLT
interchange, including stopping time), 42 minutes;
Himax = the maximum number of bus routes that originate from terminal i, i.e., 3
(for base case);
B1 = weight for the number of transfers, i.e., 100;
B2 = weight for the total travel time of passengers, i.e., 1;
p = very large value used in the subtour elimination constraint.
Decision Variables
Xijn = 1 if route n (n = 1 to Rmax) passes through node j ≠ i immediately after node
i; = 0 otherwise;
X0jn = 1 if route n starts at node j; = 0 otherwise;
Xi0n = 1 if route n ends at node i; = 0 otherwise;
X00n = 1 if route n is not available; = 0 otherwise;
fn = frequency of route n;
qin = node potential at node i, which is needed in the subtour elimination
constraint for bus route n.
Functions
RT nij = l if route n passes through both nodes i and j; = 0 otherwise;
NRie = l if there is no direct bus service from node i to destination e; = 0 otherwise;
Tn = single trip time of route n;
Tij = average travel time of passengers from node i to node j;
Tnij = travel time from node i to node j via route n.
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Note that the fleet size used in this study is different from the one in Szeto and Jiang
(2012). The maximum route travel time within the study area used in this study is also
different from the one in Szeto and Jiang (2012), because of relaxing the requirement
of maximum route travel time currently.
Based on the above notations, the mathematical model is formulated as follows:
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for i, k ∈ Z/V, k  i, n = 1 to Rmax, (12)
for i, k ∈ Z/V, k  i, n = 1 to Rmax, (13)
for i ∈ U, e ∈ V, (14)
for n = 1 to Rmax. (15)
, (16)
for i ∈ U, e ∈ V, (17)
for i, j ∈ Z, i  j, n = 1 to Rmax. (18)
The objective of the problem is to minimize the weighted sum of the number of
transfers and the total passengers’ travel time (including in-vehicle travel time and
waiting time).
Constraint (2) ensures that each available route originates from one of the TSW
terminals (i.e., the squares shown as in Figure 1b). Constraint (3) ensures that each
available route ends at one of the bus terminals/destinations outside TSW. Constraint (4)
ensures that except the dummy node, any node on an available route must have one
preceding node and one following node. Constraints (5) and (6) ensure that each node
can only be visited by a particular route at most once. Constraint (7) calculates the in-
vehicle travel time (including stop time) of a route. Constraint (8) ensures that the total
number of vehicles assigned to all routes cannot exceed the maximum fleet size.
Constraint (9) depicts the minimum frequency requirement. Constraint (10) limits the
number of the intermediate stops. Constraint (11) is a node covering constraint, which
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ensures that each stop is visited by at least one bus route. Constraint (12) defines RT nik,
which equals l if route n passes through both nodes i and k, and 0 otherwise. In
particular, RT nik equals 1 when either route n passes node k right after node i, (which is
captured by the first term of (12)) or route n passing node i also passes node k right after
passing node j (which is captured by the second term). The travel time from node i to
node k via route n, Tnik , is calculated by Constraint (13). Constraint (14) defines NRie,
which equals l if there is no direct service serving between node i and destination e, and
0 otherwise. Constraint (15) ensures that the travel time from each bus terminal to the
TLT interchange is not greater than the maximum allowable travel time. Constraint (16)
is the terminal capacity constraint, stating that the number of routes originate from
terminal node i cannot exceed the maximum possible number, which is a function of
parking space available. The average travel time from node i to destination e, Tie, is a
complex function of the route structure and frequencies, which is defined by Constraint
(17). Constraint (18) is a subtour elimination constraint.
The calculation of Tie is based on the assumption of the demand assignment in Baaj
and Mahmassani (1990), and Szeto et al. (2011a, 2012): 1) passengers depart for their
destinations using the route with minimal transfers; 2) passengers get on the first arrival
bus among a set of attractive lines, and; 3) demand is split according to the frequencies of
the attractive lines. Based on these assumptions, the value of Tie is determined in the
following way: If there are direct bus services serving between stop i and destination e,
the expected travel time Tie is the weighted average in-vehicle travel time of all these direct
services plus the expected waiting time; if there is no direct service serving between stop
i and destination e, Tie is the sum of the expected travel time from stop i to the TLT
interchange and that from the TLT interchange to destination e.
It can be seen that constraints (8), (14) and (17) are all nonlinear. Moreover, the
decision variables contain both integer and continuous variables. Therefore, the
formulation is a mixed-integer nonlinear program. It has been shown that a general
TNDP without considering frequency is already NP-hard. To solve the described
problem, a heuristic or meta-heuristic is needed. In the following, the EABC is
proposed for the investigated TNDP. 
3. SOLUTION METHOD
3.1. Overview of HEABC
For the investigated problem, the route design problem and the frequency setting
problem are solved simultaneously. To this end, an integrated solution strategy is
proposed. In this strategy, an enhanced artificial bee colony algorithm (EABC) together
with the stop sequence improvement heuristic is used to solve the route design problem,
while a decent search heuristic for solving the frequency setting problem is proposed
and is implemented in the fitness evaluation process of the EABC.
3.2. EABC Algorithm
The EABC is an enhanced version of the ABC. The ABC belongs to a class of
evolutionary algorithms that are inspired by the intelligent behavior of honey bees in
finding nectar sources around their hives. This class of meta-heuristics has only started
to receive attention recently. Different variations of bee algorithms under various names
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have been proposed to solve combinatorial problems. However, in all of them, some
common search strategies are applied; that is, complete or partial solutions are
considered as food sources and different groups of bees try to exploit the food sources
in the hope of finding good quality nectar (i.e., high quality solutions) for the hive. In
addition, bees communicate between themselves about the search space and the food
sources by performing a waggle dance.
In the ABC, bees are divided into three types: employed bees, onlookers and scouts.
Employed bees are responsible for exploiting available food sources and gathering
required information. They also share the information with the onlookers, and the
onlookers select existing food sources to be further explored. When a food source is
abandoned by its employed bee, the employed bee becomes a scout and starts to search
for a new food source in the vicinity of the hive. The abandonment happens when the
quality of the food source is not improved after performing a maximum allowable
number of iterations called limit.
The ABC starts by generating random solutions as the food sources and assigning
each employed bee to a food source. Then, during each iteration, each employed bee
finds a new food source near its originally assigned (or old) food source (using a
neighborhood operator). The nectar amount (fitness) of the new food source is then
evaluated. If the new food source has more nectar than the old one, then the old one is
replaced by the new one. After all employed bees have finished their exploitation
process mentioned above in an iteration, they share the nectar information of the food
sources with the onlookers. Then, each onlooker selects a food source according to the
traditional roulette wheel selection method. After that, each onlooker finds a food source
near its selected food source (using a neighborhood operator) and calculates the nectar
amount of the neighbor food source. Then, for each old food source, the best food
source among all the food sources near the old food source is determined. The
employed bee associated with the old food source is assigned to the best food source
and abandons the old one if the best food source is better than the old food source. A
food source is also abandoned by an employed bee if the quality of the food source has
not been improved for limit (a predetermined number) successive iterations. That
employed bee then becomes a scout, and searches for a new food source randomly.
After the scout finds a new food source, the scout becomes an employed bee again.
After each employed bee is assigned to a food source, another iteration of the ABC
begins. The whole process is repeated until a stopping condition is met.
To further improve the performance of the ABC, two refinements are proposed as
follows:
The ABC requires that a food source xi will only be replaced by a neighbor solution
xˆ if xˆ is of a better quality than xi, where xˆ is the best neighbor solution found by all the
onlookers associated with food source i. In the refined version, this condition is altered
so that if the best neighbor solution xˆ found by all the onlookers associated with food
source i is better than the food source xi, then xˆ will replace the food source xj selected
from all the existing food sources, including but not limited to xi, that possesses the
following two properties: 1) xj has not been improved for the largest number of
iterations among all the existing food sources and 2) xj is worse than xˆ. In this way, an
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unpromising solution to abandon is selected from all available food sources rather than
the local source xi. The food source xi which can produce a better neighbor solution will
be given more opportunities to be further explored whereas the food source xj which has
not been improved for a relatively large number of iterations and is worse than new
solution xˆ is excluded.
The ABC states that if no improving neighbor solutions of the food source xi have
been identified during the last limit successive iterations, then xi is replaced by a
randomly generated solution. In the refined version, this is modified so that xi is
replaced by a new neighbor solution x~ of xi. The quality of x
~ can be worse or better than
xi. This modification prevents the search being stuck in certain local optima and ensures
that the quality of the new solution generated is acceptable.
The steps of the EABC are summarized below:
1) Randomly generate initial solutions as initial food source xi, i = 1,...,τ, where τ is
the number of employed bees. 
Set , where F is the set of food sources. Assign each employed bee to
a food source.
2) Evaluate the fitness f (xi) of each food source xi, i = 1,...,τ.
3) Set limit and Maxiterations also iteration counter v = 0 and li = 0, i = 1, …, τ, where
li is the limit counter for food source i.
4) Repeat
a. For each food source xi
i. Apply a neighborhood operator on xi → x
~.
ii. If f(x~) > f(xi), then replace xi with x
~ and set li = 0, else set li = li + 1.
b. Set Gi = ∅, i = 1,.., τ.
c. For each onlooker
i. Select a food source xi using the fitness-based roulette wheel selection
method.
ii. Apply a neighborhood operator on xi → x
~.
iii.Gi = Gi ∪ {x
~}.
d. For each food source xi and Gi  ∅
i. Set xˆ ∈ arg maxσ∈Gi f (σ).
ii. If f(xi) < f (xˆ), then select xj ∈ F with
j ∈ arg max i = 1,...,|F|{li | f (xˆ) > f (xi) and xi ∈F}, replace xj with xˆ,
and set lj = 0, else set li = li + 1.
e. For each food source xi
If li = limit, then apply a neighborhood operator on xi → x
~ and replace xi with x
~.
f. v = v + 1.
5) Until (v = MaxIterations).
3.3. Solution Representation, Initialization and Node Covering
To search all possible route structures, the solution representation for the HEABC should
be specifically designed. Figure 2a illustrates the representation scheme. In this example,
the solution vector consists of 100 elements representing 10 routes, with 10 elements for
each route. The first 10 elements represent the first bus route, which starts from node 1,
goes through nodes 18, 15, 10, 12, 7, and the TLT interchange (which is implicitly
F xi i= ∪ =1τ { }
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coded), and terminates at destination 25. Similarly, route 10 starts from node 16, goes
through node 11 and the TLT interchange, and terminates at destination 27. A particular
route is not selected in the network if the first element of the route is a destination node.
To initialize a feasible solution in the HEABC, the following processes are carried
out sequentially. For each route, the first element is determined through randomly
selecting the valid node numbers for terminals, i.e., 1, 7, 9, 14, 16, 20, and 23.
Meanwhile, in order to cater the terminal space constraints, the number of routes
departure at each terminal is recorded. If a generated terminal node reaches the
maximum number of routes allowed for that terminal, then another terminal node is
regenerated. Then, one of the five destination node numbers, i.e., 24 to 28, is randomly
selected and randomly assigned to one of the rest 9 elements for the route. After that,
the elements between the terminal and the destination (ie., the intermediate stops) are
determined by randomly selecting node numbers except those for destinations and those
already selected. Finally, the remaining elements, if any, are set to zero.
After generating all initial solutions, to ensure that constraint (11) is satisfied, a node
covering operation is carried out. In such operation, the uncovered node is randomly
inserted into a route. In case that every route has the maximum number of allowable
intermediate stops, a node served by more than one route is randomly selected and
replaced by the uncovered node.
3.4. Frequency Setting Heuristic
The frequency setting heuristic is adopted whenever the fitness of a route design
solution in the HEABC is evaluated. Because the main constraint of the frequency
setting procedure is the maximum fleet size constraint, we can reformulate the
frequency setting problem into the problem of allocating the limited number of buses to
the routes defined by a solution obtained from the EABC. Therefore, instead of
explicitly coding the frequencies of these routes, the solution structure for the frequency
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(b) Representation of bus allocations in the frequency setting heuristic
25 18 16 15 15 1520 16 18 18
Sixteen buses are allocated to the third route
(a) Representation of routes in the HEABC 
Totally 100 elements for 10 routes
Route 1 Route 10
1 18
 
15 002571210
··· ···
0 0 000016 11 270 0
Figure 2. Solution representations
setting heuristic is defined by a collection of the numbers of buses allocated to each
route. Figure 2b illustrates a solution vector generated by the frequency setting
heuristic. In particular, the third element with a value of 16 means that there are 16 buses
allocated to the third route. As the total number of buses used in the network is not
changed, the fleet size constraint can be ensured. The simplicity of this representation
helps to avoid creating infeasible solutions and thus facilitates the searching process.
Based on the solution structure as shown in Figure 2b, the following decent search
heuristic is developed to obtain optimal bus allocation:
Step 1: Initialize a solution by randomly allocating buses to N routes.
Step 2: For i = 1 to N,
For j = i to N,
Move 1 bus from route i to route j.
Evaluate the new solution.
If the objective value is improved, then go to Step 2; Otherwise,
undo the movement.
Move 1 bus from route j to route i.
Evaluate the new solution.
If the objective value is improved, then go to Step 2; Otherwise,
undo the movement.
Next j.
Next i.
Step 3: Output the best solution found.
The determination of the objective value in the above heuristic relies on the
frequency information derived from the solutions obtained from the heuristic and the
EABC through:
(19)
where Tn is the trip time of route n deduced by (7); fn and Vn are the frequency of route
n and the number of buses allocated to route n, respectively.
After the heuristic is employed, the fitness of a route design solution is obtained by
finding the reciprocal of the objective value. A penalty value is added in case a solution
violates the minimum frequency constraint or the maximum travel time constraint. In this
way, the algorithm can gradually throw away all the infeasible solutions in a gentle manner,
and the efficiency of the HEABC can be maintained.
3.5. Neighborhood Operators
Due to the complexity of the problem, specific operators are developed to generate the
neighborhood solutions in the HEABC. Four proposed neighborhood operators are
shown in Figure 3. The insert neighborhood operator inserts a randomly-selected stop
into a randomly-selected route in the solution. By contrast, the remove neighborhood
operator randomly removes a stop from a route in the solution. The swap neighborhood
operator exchanges two nodes of the same type (in terms of terminals, stops, and
f
V
Tn
n
n
=
2
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destinations) between two different routes of the solution. The transfer neighborhood
operator randomly moves an intermediate stop in one route to another route in the
solution. For all the neighborhood operators, a checking mechanism is also adopted to
avoid a node appearing on same route more than once. Moreover, a node covering
operation is carried out to ensure that a solution is feasible.
3.6. Stop Sequence Improvement Heuristic
After generating feasible neighbor solutions, a stop sequence improvement heuristic is
proposed for improving the sequence of intermediate stops of each route. The objective
of this heuristic is to find the minimum travel time route through swapping given
intermediate stops. The outline of the heuristic is as follows:
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(b) Remove neighborhood operator 
(c) Swap neighborhood operator 
(d) Transfer neighborhood operator 
(a) Insert neighborhood operator
1 18
 
15 002571210 ··· ···
··· ···
0 0 0 000016 11 27 0
1 18 15 06 2571210
 
0 0 0 0 0 0 0 016 11 27
Insert point 
Remove point
1 18 15 0025
 
71210 0 0 0 000016 11 27 0
1 18 15 012 00257 ··· ···0 0 0 000016 11 27 0
··· ···
··· ···
··· ···
1 18
 
15 002571210 0
1 18
 
15 00025712 0
27 0 0 000016 11
11
0
27 0 000016 10 0
Transfer point
··· ···
··· ···
Swap point 
271 18
 
15 002571210 0
1 18
 
15 002571211 0
0 0 000016 11 0
27 0 0 000016 10 0
Swap point 
Figure 3. Neighborhood operators
For each route,
Start: For i = the first intermediate stop to the second last intermediate stop,
For j = i to the last intermediate stop,
Exchange i and j.
Evaluate the trip time of the route.
If the trip time is reduced, then go to start; otherwise, undo the exchange.
Next j.
Next i.
Next route.
4. RESULTS
To investigate the effects of different design parameters, three examples were set up
using the scenario presented in Section 2. They were solved by the HEABC that was
coded in Visual C++ 2010. It ran on a computer with a 3.40 GHz CPU and a 32 G RAM.
In this algorithm, the in-vehicle travel time between each pair of nodes was obtained by
a shortest path algorithm. All the parameters of the HEABC were fine-tuned before
using the algorithm. For each parameter setting, 20 runs with different seeds for random
number generation were carried out. The total number of transfers and the total
passengers’ travel time were obtained from the best solution of 20 runs.
4.1. Effect of Maximum Route Travel Time within the Study Area
To illustrate the effect of the maximum route travel time in constraint (15), the value of
Tmax was varied from 36 to 54 minutes. The total number of transfers and the total travel
time of passengers are plotted in Figure 4. With the increment of Tmax, the number of
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Figure 4. Effect of Tmax
transfers gradually reduces from 7556 to 4049, while the total passengers’ travel time
increases from 1408059 to 1472641 minutes. This graph also demonstrates the trade-off
between the number of transfers and the total travel time. When Tmax is large, each bus
route is allowed to visit more stops. As a result, each stop can be served by more direct
bus routes and hence the total number of transfers is reduced. However, the total travel
time increases in general because the passengers on-board have to experience more in-
vehicle travel time if they board at the upstream stops. Some passengers get the benefit
in terms of reducing the number of transfers and waiting time after the maximum route
travel time increases, but other passengers travel longer due to the detour to visit more
stops. In other words, some passengers’ satisfaction may be improved because of the
reduction in the number of transfers and waiting time. However, other passengers may
experience the opposite due to an increase in the in-vehicle travel time. This is an issue
of equity that deserves attention. In addition, it is observed that when Tmax is greater than
46 minutes, the number of transfers as well as the total travel time keeps constant,
meaning that increasing the maximum TSW cost does not influence the objective value.
Probably it indicates that the maximum TSW constraint (i.e., equation (15)) becomes a
nonbinding constraint, and other constraints are binding, such as the minimum
frequency constraint. Given a fixed fleet size, the longer the route travel time, the
smaller the frequency. Hence, the route travel time cannot be too long, so as the travel
time within the TSW area.
4.2. Effect of Total Number of Bus Routes Available
Figure 5 plots the number of transfers and the total travel time of passengers under
different values of Rmax. It can be observed that the number of transfers generally falls
from 8366 to 4835 with the increase in the total number of bus routes available from 7
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Figure 5. Effect of Rmax
routes to 15 routes. It meets with our expectation as the greater number of routes can
serve more demand between different OD pairs directly. However, the total travel time
does not always decrease with the increasing number of routes provided. Initially, the
total travel time reduces with the increasing number of routes provided, probably due to
the fact that operators can design shorter routes to replace longer ones to reduce the in-
vehicle travel time without reducing the number of transfers and affecting waiting time
much. However, when Rmax is greater than 12, the objective value does not change.
Although it is allowed to provide more bus routes, only 12 routes will be designed. It is
because more routes basically implies a lower frequency for each route under a fixed
fleet size. Hence, waiting time and total passengers’ travel time will increase if more
than 12 routes are designed.
Interestingly, the total travel time of passengers does not have an obvious trade-off
relationship with the total number of bus routes provided, and the total travel cost and
the number of transfers can be reduced simultaneously. When the total number of routes
provided increases from 7 to 8 and from 9 to 12, both the total travel time and the
number of transfers decrease with an increasing total number of routes provided.
However, there is a tradeoff between the two objectives when the number of routes
provided increases from 8 to 9. This implies that the total travel time and the number of
transfers can be reduced simultaneously by setting a proper number of bus routes.
4.3. Effect of Terminal Capacity Constraint
The terminal capacity constraint determines the maximum possible number of bus
routes that can depart from a terminal, which is affected by the parking space available
or the terminal capacity. Figure 6 illustrates the changes in the number of transfers and
the total travel time of passengers when Himax increases from 3 to 11. The number of
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Figure 6. Effect of Himax
transfers and the total travel time show a sharp decrease, when Himax increases from 3
to 4. This indicates that by increasing the terminal capacity, both the total travel time
and the number of transfers can be reduced significantly. The reason is that more routes
are allowed to depart from the promising terminals, which are closer to higher demand
areas. Hence, direct and fast services can be provided to passengers. This result
suggests that by building larger terminals, the network performance, in terms of the
total travel time and the number of transfers, can be improved. However, both objective
values remain rather steady when Himax is greater than 6, meaning that the benefit of a
larger terminal is ignorable and the terminal capacity may not be fully utilized.
5. CONCLUSIONS
A bus transit network design problem in a suburban area of Hong Kong is studied. The
objective is to minimize the weighted sum of the number of transfers and the total travel
time of passengers by restructuring bus routes and determining new frequencies. A
mixed integer optimization model is developed and was solved by the HEABC. The
effects of the design parameters on the two objectives were investigated, including the
maximum route duration within the study area, the total number of bus routes available
and the maximum possible number of bus routes originated from a terminal. The
following conclusions can be drawn.
1. A tradeoff between the number of transfers and the total travel time can be
observed, when the maximum route duration increases. Some passengers’
satisfaction may be improved because of the reduction in the number of transfers
and waiting time. However, other passengers may experience the opposite due to an
increase in the in-vehicle travel time. This is an issue of equity that deserves
attention.
2. The number of transfers and the total travel time can be reduced simultaneously by
setting the number of bus routes originated from a terminal and the total number of
routes properly.
3. By increasing the terminal capacity, both total travel time and the number of
transfers can be reduced, as more routes are allowed to depart from the terminals
that are closer to high demand areas. However, there may be no effect to increase
the terminal capacity when the existing terminal capacity is large.
It is expected that the proposed model and the preceding findings are useful for
developing good and meaningful bus service policies, especially for serving new
development and facilities in Hong Kong such as columbarium facilities.
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